Introduction
The biogeographic province of Sundaland (land on the Sunda Shelf south of the Isthmus of Kra) was greatly affected by eustatic sea-level changes for much of the Tertiary, including the well-documented flooding of the Sunda Shelf (Hanebuth et al, 2000) . The region is bordered to the east by what is probably the most wellknown biogeographic boundary recognised today, Wallace's Line. A second but lesser-known biogeographic boundary occurs at the transition zone between the Sundaic and Indochinese biotas (sensu Woodruff, 2003) in the vicinity of the Isthmus of Kra (Figure 1) , with distinct assemblages of amphibians (Inger, 1966 ; see review by Inger and Voris, 2001) , reptiles (Inger and Voris, 2001) , birds (Hughes et al, 2003) , mammals (Corbett and Hill, 1992) , insects (Corbet, 1941) and plants (Ridder-Numan, 1998; Denduangboripant and Cronk, 2000) limited to varying degrees either side of this barrier. Recently, it has been hypothesised that marine transgressions may have produced this pattern (Woodruff, 2003) ; specifically, that and Pliocene-era (5.5-4.5 Mya) high sea-level stands resulted in two seaways that dissected the Thai-Malay Peninsula (Figure 1 ; Woodruff, 2003) , for durations in excess of 1 million years. This hypothesis is based on an extensive review of both biological and geological evidence (Woodruff, 2003) , and received strong support specifically from past sea-level highstands evident from the Vail global eustatic curve (Vail and Hardenbol, 1979) and the oxygen isotope curve (see Woodruff, 2003) .
If seaways had divided the Thai-Malay Peninsula in the past creating an archipelago for a significant period of time (41 MY), this should be evident in the intraspecific molecular 'signatures' of organisms sampled from either side of this barrier, relative to their dispersal potential and the nature (width, throughflow volume, etc) of the seaway. Such studies on terrestrial (Hoffman and Baker, 2003; Zeh et al, 2003) and marine taxa (Knowlton et al, 1993; Collins et al, 1996; Bermingham et al, 1997; Knowlton and Weigt, 1998; Tringali et al, 1999; Marko, 2002 and others) from the Isthmus of Panama have provided a wealth of information on the role that vicariance can play in shaping genetic divergence among populations, and ultimately, in speciation events among taxa. Woodruff (2003) identified the need for phylogeographic (sensu Avise et al, 1987) or phylogenetic studies of 'appropriate' taxa at the Isthmus of Kra interface to further investigate causal mechanisms leading to the biogeographic patterns observed. To date, no such studies have been carried out.
Macrobrachium rosenbergii, the giant freshwater prawn, is an ideal model species for investigating these mechanisms. Molecular analyses of freshwater-dependent taxa should prove particularly useful in this regard, as such organisms are likely to have remained effectively isolated in discrete freshwater drainages after the seaways subsided (unlike amphibians, mammals, birds, etc), limiting their opportunity for range expansion or secondary contact that could make interpretation of the data difficult. M. rosenbergii has a broad distribution in the region, and our previous study (de Bruyn et al, 2004) indicated that stocks found either side of Huxley's extension of Wallace's Line may have been strongly influenced by the historical geography of the region. Here, we utilise intraspecific mitochondrial DNA (mtDNA) variation in the western form (sensu de Bruyn et al, 2004) of the giant freshwater prawn, M. rosenbergii, to test for evidence for ancient seaways that are believed to have dissected the Thai-Malay Peninsula. Furthermore, we explore the utility of this intraspecific approach (ie phylogeography sensu Avise et al, 1987) for testing biogeographic hypotheses.
Methods
Taxa, sample collection and molecular analyses M. rosenbergii is an obligate freshwater crustacean as an adult but requires brackishwater for larval survival and development. Results of salinity-tolerance experiments on M. rosenbergii suggest that both adults and postlarvae can survive in brackish conditions (up to 12 ppt) for extended periods of time without any apparent detrimental effects. They are unable, however, to tolerate full marine conditions for more than a week as adults and 20 days as postlarvae (Sandifer et al, 1975) . Prawns used in this study were collected from localities indicated in Figure 1 and Table 1 , and were identified using Short's Macrobrachium key (1998). As M. rosenbergii are a commercially important species (FAO, 2000) , a factor that constrained selection of sampling sites for this study (particularly for sites adjacent to the postulated seaways) was the need for sites to be free of translocated stock to eliminate the potential that prawns with non-native genotypes were included in the analysis (Thai Freshwater Fisheries; N Pongthana, pers. comm.) . This resulted in an unbalanced sampling design either side of the postulated seaways, that is, more 'southern' than 'northern' sites. This lack of balance does not diminish the findings of this study, as it has been demonstrated that sampling of at least 90 individuals (from uncontaminated wild stocks collected from either side of the proposed seaways) provides the statistical power to detect with 95% probability at least one copy of all haplotypes occurring at a frequency of 1% (Schwager et al, 1993) .
Tissue samples (muscle or pleopod) were stored in 70% ethanol until required for molecular analyses. For DNA extraction, a small piece of tissue was first (Woodruff, 2003) . Sampling sites labelled a-k (see Table 1 for details). The size of the circles and rectangle indicate relative frequencies of the haplotypes ( Table 2 ). The single hatched circle in the southern clade indicates a 'southern haplotype' collected from a northern site (Kraburi River; site c).
Molecular evidence for ancient seaway M de Bruyn et al rehydrated for 30 min in 1 ml GTE buffer (100 mM glycine, 10 mM Tris, 1 mM EDTA). Tissue samples were then incubated overnight at 551C in 500 ml extraction buffer (100 mM NaCL, 50 mM Tris, 10 mM EDTA, 0.5% SDS) containing 20 ml of 10 mg/ml Proteinase K (Sigma Co.). Total genomic DNA was extracted using standard phenol : chloroform extraction methods, and collected by ethanol precipitation. Amplification of a fragment of the mtDNA cytochrome c oxidase subunit I (COI) gene was carried out using primers LCO1490 and HCO2198 (Folmer et al, 1994) . PCR conditions were as follows: each 50 ml amplification reaction consisted of 400 ng of template DNA, 5 ml of 10 Â buffer containing MgCl 2 (Roche), an additional 2 ml of 25 mM MgCl 2 (Roche), 0.5 units of Taq polymerase (Roche), 0.8 ml of each primer (10 mM final conc.), 0.2 mM of each dNTP, and 38.95 ml autoclaved ddH 2 O. Samples that proved difficult to PCR were amplified using READY-TO-GO s BEADS (Pharmacia Biotech). Thermal cycling was performed on a PTC-100 thermocycler (MJ Research Inc.) under the following conditions: 3 min denaturation at 941C, followed by 30 cycles of 30 s at 941C, 30 s at 551C, 30 s at 721C, and a final 10 min extension at 721C, before cooling to 41C for 10 min. Negative controls were included in all PCR runs. PCR amplifications were confirmed with agarose gel electrophoresis on a 1% gel. Screening for intrapopulation variation was carried out using Temperature Gradient Gel Electrophoresis (TGGE) combined with Outgroup Heteroduplex Analysis (OHA) (Campbell et al, 1995) . This method proved to be sensitive enough to consistently distinguish among haplotypes that varied by a single base pair (bp). All individuals were analysed by way of TGGE/OHA, and two to three individuals exhibiting identical banding patterns from each population were sequenced to confirm that they shared identical haplotypes. PCR products from haplotypes identified as unique using TGGE/OHA were purified using a Qiagen QIAquick PCR purification kit. DNA sequencing of 602 bp of the COI gene was conducted on an ABI 3730 automated sequencer at the Australian Genome Research Facility at the University of Queensland, Brisbane, Australia. Both strands of the PCR product were completely sequenced.
Data analysis
Sequences were aligned in ClustalX (Thompson et al, 1997) with parameters set to default. Initial data exploration and Kimura 2-parameter (Kimura, 1980) sequence divergences were carried out in MEGA ver. 2.1 (Kumar et al, 2001) . Haplotype (h) and nucleotide diversity (p) indices and Tajima's D test (Tajima, 1989) for neutrality were performed in DnaSP (Rozas et al, 2003) . A bootstrapped (1000 pseudoreplicates ; Felsenstein, 1988) neighbour-joining (Saitou and Nei, 1987) phylogenetic tree was estimated in MEGA to identify levels of statistical support for discrete clades identified. An M. rosenbergii individual sampled from Bali was identified in an unpublished (de Bruyn, unpublished data) 16S mtDNA phylogeny as an appropriate outgroup to root the tree. To test for adherence to a clock-like evolution of the mtDNA sequences, a log-likelihood ratio test was carried out in PAUP* 4.0b10 (Swofford, 2002 ) that compared trees generated under the assumption of a molecular clock, to trees unconstrained by any such assumption (Felsenstein, 1988) . The timing of cladogenesis identified in the phylogeny was then inferred by way of molecular clock approximation.
Geographical associations among haplotypes were tested using nested clade analysis (NCA; Templeton, 1998) . A haplotype cladogram was generated in TCS (Clement et al, 2000) , and then manually converted into a nested design using the nesting rules outlined in Templeton and Sing (1993) , Crandall (1996) and Templeton (1998). This nested design was then analysed in GeoDis ver. 2.0 with the null hypothesis of no geographic association among haplotypes. We made a qualitative decision to use geographic coordinates to determine distances among sites, as opposed to stream distance (Fetzner and Crandall, 2003) , as most sampling sites were restricted to geographically isolated drainage basins. Templeton's (2004) latest inference key was used to infer processes involved in any statistically significant associations observed. It has recently been suggested that some NCA inferences may be flawed, and should therefore be supported by the use of alternative analytical techniques (eg Alexandrino et al, 2002; Masta et al, 2003; Templeton, 2004) . We therefore applied the coalescent/maximum-likelihood approach implemented in FLUCTUATE ver. 1.4 (Kuhner et al, 1998) to determine if there was evidence for population expansion events in clades identified with NCA. Specifically, the exponential growth or decline of the population can be inferred by positive or negative values of the exponential growth parameter g. An exploratory search strategy implementing 20 short chains of 1000 steps each, and five long chains of 20 000 steps were used to determine parameters for the production runs. Production runs were implemented using 20 short chains of 8000 steps each, and 10 long chains of 50 000 steps. The program was run multiple times to ensure concordance of parameter estimates.
Results
In total, 404 M. rosenbergii individuals (excluding the outgroup) were analysed for variation in a 602 bp fragment of the mtDNA COI gene using TGGE/OHA analyses. Representatives (2-3) from each population that displayed identical banding patterns were sequenced to confirm they shared identical haplotypes, which was confirmed in all cases. This resulted in the identification of 35 putative haplotypes (GenBank Accession numbers: AY554293-AY554327), defined by 54 (Figures 1 and 2) , with populations sampled from sites north and south of the more northerly seaway restricted to two distinct monophyletic clades, except for site c (Kraburi River, SW Thailand) situated just north of the northern seaway, which is characterised by individuals exhibiting both 'northern' and 'southern' haplotypes ( Figure 1 and Table 2 ). NCA identified an allopatric fragmentation event followed by range expansion at the highest nesting level, that is, between northern and southern clades either side of the hypothesised northern seaway (Table 3 ). Subsequently, we performed Templeton's supplementary test for secondary contact (Templeton, 2001 ), which confirmed this hypothesis.
Within the northern clade, NCA suggested contiguous range expansion at both ancestral and younger clade levels, that is, clades 3-2 and 1-5, respectively, and restricted gene flow with isolation-by-distance at the 1-step level for clades 1-3 (Table 3) . Within the southern clade, restricted gene flow with some long distance dispersal was suggested at both ancestral and younger clade levels, that is, clades 2-7 and 1-9 respectively, while at the 1-step level contiguous range expansion (clades 1-14) and restricted gene flow with isolation-bydistance (clades 1-15) were also inferred ( (Kuhner, 2003) . Implementing the analyses with more steps in each chain, and more chains (Kuhner, 2003) did not alter this outcome.
A fairly low level of divergence was evident within clades (Table 2 ; Figure 2 ), particularly taking into account the considerable geographic distances among sites, for example, Bangladesh to SW Thailand (B700 km). Kimura 2-parameter sequence divergences ranged from 0.002 to 0.015 within clades to 0.019-0.031 between the two clades. Genetic diversity measures were similar in the two clades: northern clade (h ¼ 0. Figure 2 95% probability cladogram estimated from the M. rosenbergii COI data. Small black circles indicate inferred missing haplotypes not observed in the dataset. Haplotype 29 was the haplotype with the highest frequency (n ¼ 134) and the highest root probability (Castelloe and Templeton, 1994) . See Figure 1 and Table 2 for haplotype frequencies.
Molecular evidence for ancient seaway M de Bruyn et al divergence times in phylogeographic studies. Recent studies, however, warn against taking these estimates at face-value, due to a number of factors known to bias such estimates (see Marko (2002) and references therein for discussion). Indeed, Knowlton and Weigt's (1993) earlier COI molecular clock estimates were found to be erroneous (Knowlton and Weigt, 1998) . A further complication is the recent finding that some so-called 'geminate' pairs may not be each other's closest living relatives, and their divergence may in fact not be related to the closure of the Panamanian seaway (Craig et al, 2004) . It has therefore been suggested that calibrations based on the fossil record may be more appropriate, although the lack of a suitable fossil record for shrimp/ prawns make this approach problematic. Nonetheless, we approximated a rough estimate of divergence time between the northern and southern clades based on Knowlton and Weigt's (1998) mtDNA COI molecular clock (1.4%/Myr), and a single crustacean mtDNA COI calibration based on the fossil record (0.13-0.55%/Myr; Schö n et al, 1998) in an attempt to minimize error in our inferences. The geological calibration suggested a minimum divergence time in the region of 2.2-1.3 Mya, while the fossil record calibration provides a much more conservative estimate of 14.1-3.3 Mya.
Discussion
If dispersal (gene flow) of freshwater taxa has been restricted in the past by a significant geographic barrier that lead to cladogenesis (vicariance) among populations situated north and south of the proposed seaways, a molecular signature of allopatric fragmentation between these populations would be expected. Moreover, if contemporary gene flow has resulted in secondary contact between northern and southern populations since subsidence of the marine barriers, this should be evident in two monophyletic clades that overlap in their geographic distribution, indicating patterns of secondary intergradation. Results presented here indicate a sharp genetic break between M. rosenbergii populations situated on the Isthmus of Kra. Our analyses support the hypothesis that an ancient marine seaway divided the Thai-Malay Peninsula, resulting in a vicariant event that restricted gene flow among populations either side of this divide. All populations (except site c) north and Molecular evidence for ancient seaway M de Bruyn et al south of the northern proposed seaway, separated by a distance of only 120 km, belong to two widely distributed monophyletic mtDNA clades that were apparently restricted to either side of this seaway (Figures 1,2) . If the genetic break evident in our data is indeed a result of the Pliocene-era seaway (5.5-4.5 Mya; Woodruff, 2003) , and not a later unidentified rise in sea-level, the results of our molecular clock analyses would suggest that either: (i) rates of COI evolution in M. rosenbergii are significantly slower than in snapping shrimp, or (ii) the mtDNA COI clock rate calibrated to the closure of the Panamanian seaway (Knowlton and Weigt, 1998 ) is too great. No matter the case, our results suggest that the use of such calibrations should be applied cautiously when a good predictive temporal framework (eg used in this study) is not available. The Kraburi River population (site c) just north of the seaway was unique because it possessed both 'northern' haplotypes and a single 'southern' haplotype, indicating a recent northward expansion of the southern clade into this northern site leading to admixture of the two groups (Figure 1 ). This molecular signal of a recent range Only clades with significant permutational w 2 probabilities for geographic structure have been included. Significantly small or large values for Dc, Dn and I-T (Dc and Dn) are indicated by superscript 'S' and 'L', respectively. Inference key conclusions using Templeton's updated key for NCA (Templeton, 2004) . Conclusions as follows: RG-IBD, restricted gene flow with isolation by distance; CRE, contiguous range expansion; RG-LDD, restricted gene flow with some long distance dispersal; PF-RE-SC, past fragmentation followed by range expansion and secondary contact.
Molecular evidence for ancient seaway M de Bruyn et al expansion event into the Kraburi River (site c) is indicated by the occurrence of nine 'northern' haplotypes found in low frequencies (four are singletons; see Table 2 ), and the presence of a single southern haplotype at a high frequency (n ¼ 26; haplotype 21), suggesting a recent founder event followed by local self-seeding (Mayr, 1942) . This scenario was strongly supported by the NCA (Table 3 ). There is no explicit support in our data for the second and more southerly seaway, however this may be a consequence of the lesser width of this seaway (Figure 1 ) and the dispersal capabilities of the organism in question.
Because populations that are today geographically isolated from each other by a marine environment share haplotypes over distances of hundreds of kilometres, the question arises as to what mechanisms are involved in maintaining these relationships. In a previous phylogenetic study conducted at a broader spatial scale (de Bruyn et al, 2004) , it was suggested that Pleistocene drainage basins that linked sites on the Sunda Shelf that are today geographically isolated, may have acted as conduits for gene-flow among some populations of M. rosenbergii. Similar studies on freshwater fish indicate the important role that ancient drainage basins have played in shaping the distribution of molecular variation in freshwater organisms (Hurwood and Hughes, 1998; Waters et al, 2001; Kotlik et al, 2004 and others) . This ancient drainage basin hypothesis goes some way to describing the close relationship among populations observed here, particularly for sites d-h (ie southern Thai-Malay Peninsula and Sth. Vietnam). These sites are likely to have been linked by freshwater via the Siam or Malacca Straits River Systems that existed during the Pleistocene (Voris, 2000; see de Bruyn et al, 2004 for discussion) . NCA provides support for this scenario, inferring a fairly recent (in evolutionary terms; 1-step clade level) contiguous range expansion among all southern clade sites except for SE Kalimantan. The Kalimantan population (site k) appears to have been isolated historically for an extended period of time, as there is virtually no sharing of haplotypes with any other southern sites (Table 2) . Interestingly, SE Kalimantan is the population involved in both recent and ancestral inferred events utilising NCA; restricted gene flow with some long distance dispersal, and restricted gene flow with isolation-by-distance. This pattern warrants further investigation. The close genetic relationship between the Sumatran (site j) and Mekong River (site i) populations, and all other populations in the southern clade, however, cannot be fully explained by Pleistocene drainage basins. Along similar lines, the close genetic relationship between northern clade populations from Bangladesh (sites a & b) and Thailand (site c) cannot be explained by inferring past gene-flow via freshwater systems, as these geographically distant sites have no history of a freshwater connection. Freshwater plumes from the extensive Ganges system may explain gene flow between SE and SW Bangladesh, but is unlikely to explain long distance gene flow between Bangladesh and Thailand (Dai and Trenberth, 2002) , some 700 km distant. NCA again identified biologically feasible processes that may have resulted in the population genetic structuring observed in the northern clade, that is, historical contiguous range expansion between SW Thailand and Bangladesh, and recent contiguous range expansion accompanied by restricted gene flow with isolation-by-distance among all northern sites. At this stage, this hypothesis must remain mere conjecture (while supported by the NCA) as no field work could be undertaken in Myanmar so the isolation-by-distance effect observed in the northern clade may simply result from inadequate sampling in this region.
Previous work on freshwater organisms (Waters and Burridge, 1999; Waters et al, 2000; McDowall, 2002) has highlighted the largely unrecognised role marine dispersal can play in the evolution of some 'freshwater' aquatic taxa. As M. rosenbergii are estuarine dependent, and all life-stages tolerate full marine conditions to varying degrees, a stepping-stone model of gene flow (Kimura and Weiss, 1964) via the marine environment between adjacent estuaries, accompanied by occasional long-distance marine dispersal during favourable conditions may best explain the observed population structure of this species. To clarify the role of marine dispersal, drainage basin maps of Thailand were examined to identify potential routes for southern to northern clade colonisation, as observed at the Kraburi River site (site c). No indication of a possible freshwater colonisation route between southern and northern sites was found, suggesting a marine dispersal route. In addition, if dispersal was via freshwater, and not a 'rare' marine dispersal event, we might expect to find evidence for bi-directional movement of haplotypes, that is, south-north and vice versa, or at the very least presence of more than a single southern haplotype at the Kraburi River site. Instead, we observed evidence for unidirectional (south to north) movement, and fixation of a single derived (tip) southern haplotype at this site. A future analysis of populations sampled from a number of adjacent estuaries will be required to determine the role of marine dispersal in this species.
The results presented here provide the first molecular support for the existence of an ancient biogeographic barrier, the Isthmus of Kra Seaway. Molecular evidence indicates that this seaway was extensive enough to restrict gene flow in M. rosenbergii, a 'freshwater' crustacean that may be capable of some marine dispersal. Since the time when the seaway subsided, contemporary gene flow appears to have occurred across this historical barrier, highlighting the mutually compatible roles that both vicariance and dispersal have played in the evolutionary history of M. rosenbergii. Our results emphasise the importance of choosing an appropriate model organism, and the power provided by a phylogeographic approach, in testing historical biogeographical hypotheses.
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